The combined effect of superchilling and tea polyphenols on the preservation quality of hairtails was assessed in terms of pH, electrical conductivity, K value, TVB-N, TBARS, total plate count, and sensory assessment. Hairtail blocks were subjected to three treatments: frozen at −18°C, superchilling at −3°C, and superchilling at −3°C after immersed in a 6.0 g/L tea polyphenols solution, respectively. For storage of 30 days, the TBARS value of hairtails increased steadily from 0.41 mg/100 g to 1.83, 1.38, 1.14 mg/100 g (p < 0.05) in the samples that were superchilled at −3°C, frozen at −18°C, and superchilled at −3°C with tea polyphenols, respectively. The TVB-N, microbial growth, electrical conductivity, and K values also exhibited an increasing trend (p < 0.05), similar to that obtained with the TBARS values, whereas the stability of sensory scores decreased (p < 0.05). Compared with superchilling samples, all these quality indicators have been improved in combined treated samples. Indicators such as pH, TVBN, and TBARS in combined treated samples even showed better results than those in frozen samples. These results suggested that superchilling with tea polyphenols provided an effective approach for inhibiting lipid oxidation and microbial growth, retarding the deterioration, and maintaining the inherent and fresh quality of hairtails.
Introduction
Hairtail (Trichiurus Haumela), also called cutlassfish or ribbonfish, is one of the most commercially important fish species in the Yellow Sea and East China Sea. [1] In recent years, the production and consumption of hairtail is growing due to its delicious taste and high nutritional value. However, the vulnerability of hairtails to perish is even more severe than other marine fish species. It is well known that the refrigerated fish have limited shelf life, primarily associated with microbial activities and enzymatic activities. [2, 3, 4] The initial quality deterioration in fish is primarily induced by autolytic enzymes. [5] Lipid oxidation (both enzymatic and chemical) resulting in rancidity can also take place because of the presence of highly unsaturated fatty acids, where colour, flavour, texture, and nutritional value can be negatively affected. [6, 7] The most significant factor influencing the fresh quality and shelf life of fish that can be controlled is temperature. [8] Therefore, to prolong the shelf life and minimize microbial and biochemical degradation, different preservation methods, mainly based on low temperatures, have been applied for fish preservation. [9] Superchilling (−1 to −3°C), also known as partial freezing or deep chilling, has emerged as a promising process by which the temperature of food is reduced to 1-2°C below its freezing point. As the shelf life of superchilled products can be extended by 1.5-4 times that of conventional chilled food, superchilling got increasing emphasis in the frozen field. During superchilling, a cold reservoir is formed in the product, and additional chilling by addition of external ice might not be required during distribution, thus lowering the overall transport costs. [10] Compared with freezing, less water is frozen (5-30%) in superchilled food, leading to a lower degree of freeze denaturation of the proteins and less mechanical damages to the muscle structure. [11, 12] However, some negative quality effects on superchilled foods have also been found. Duun, A. S. [10] revealed that both cod fillets and salmon exhibited higher degree of myofibrillar proteins denaturation during superchilling than those during chilled storage, and free amino acids formed rapidly as a result of exoproteolytic activity. What is more, the amount of ice crystals in superchilling food is highly dependent on the temperature, which has a great impact on the quality changes. [13, 14] To inhibit or mitigate these negative changes, various biopreservatives are normally added to the fish products to obtain optimum quality during ice, superchilling, or frozen storage. [15, 16, 17] Tea polyphenol, a prominent physiological active component in tea, has many beneficial functions for human health, including anti-cancer [18] and anti-obesity activities [19] , and could be used as antioxidant and potential preservative in food industry. Xu, Y. [15] evaluated the inhibitory effect of tea polyphenols on the collagen degradation, collagenase activity, and texture change of grass carp fillets. They found tea polyphenols were able to inhibit the softening of fillets both under superchilling and ice storage.
Some studies have investigated the effect of superchilling on microbiology, sensory evaluations, and spoilage indicators, such as total volatile basic nitrogen (TVB-N). [20, 21, 22] However, the effect of superchilling combined with tea polyphenols on the quality of hairtail has not yet been reported.The overall objective of this research was to evaluate the effects of superchilling combined with tea polyphenols on the quality of hairtails. The pH value, electrical conductivity (EC), TVBN, lipid oxidation, microbial growth, the freshness K value, and sensory evaluation were used as the quality indicators.
Materials and methods

Materials
Fresh hairtails (length 70.0 ± 2.0 cm) were purchased from a local aquatic market (Zhoushan, Zhejiang, China) and were immediately transported to the laboratory in an ice box. The proximate mean composition of the fish meat was determined as 78.12% moisture, 4.76% crude fat, 14.98% crude protein, and 1.21% ash. Tea polyphenols were provided by Nanning Zhongnuo bioengineering Co., LTD (Nanning, Guangxi, China). All other chemicals were ordered from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) at analytical reagent grade.
Sample preparation
The hairtail fishes were de-headed and gutted, tails cut followed by washing with sterile iced water. Then the fish were drained and cut into blocks of approximately 6.0 cm in length. All the fish blocks were randomly divided into three portions. The first two portions were vacuum-packed and stored at an automated temperature controlled refrigerator at −18°C and −3°C, respectively. The last portion was mixed with a 6.0 g/L tea polyphenols solution [6.0 g/L was determined by our pre-experiments (data not shown)] for 30 s, drained, vacuum-packed, and immediately transferred to a refrigerator at −3°C. Samples from each treatment were randomly selected at 0, 3, 6, 11, 16, 23, and 30 days for analysis.
Freezing curve
For hairtails stored at −18°C, the temperature change as a function of time was logged by an automatic thermocouple (L93-2L, Hangzhou LuGe technology co., LTD, Hangzhou, China) inserted deep into the sample. The temperature data was collected every 1 min during testing. The initial freezing point was determined from the freezing curve according to the previous method. [23] .
pH value
The pH of hairtail fish meat was measured according to the method of Song, Y. [24] with some modifications. A 10 g sample of meat was homogenised with 100 mL of cold distilled water using a homogenizer at a speed of 1000 rpm for 1 min, and the pH of the homogenate was tested by a pH meter (EF20K, Shanghai Mettler Toledo instrument co., LTD, Shanghai, China). All measurements were done in triplicate.
Electrical conductivity
The EC of hairtail fish meat was measured as described by the literature. [25] A sample (5 g) was homogenised with 45 mL distilled water and then stirred for 30 min. The mixture was filtered, and the EC of filtrate was determined by a digital EC meter (DDS-307A, Shanghai leici scientific instrument co., LTD, Shanghai, China).
Total volatile base nitrogen
TVB-N was estimated in accordance with the previous method. [21] A 10 g sample was homogenised with 90 mL 0.6 mol/L perchloric acid solution, and the resulting suspension was centrifuged at 3000 r/min for 10 min at 4°C using a high-speed bench centrifuge (TGL-16G, Shanghai Anheng scientific instrument factory, Shanghai, China). A 10 mL supernatant was distilled and titrated in an automatic Kjeldahl Apparatus (Kjeltec2300, Foss, Sweden) with the blank experiment of 10 mL perchloric acid solution. The TVB-N value was estimated by the following equation:
Thiobarbituric acid-reactive substances
The determination of TBARS was performed according to methods previously described by Siu, G. M. [26] with slight modifications. A 10 g sample was stirred with 50 mL 7.5% trichloroacetic acid (containing 0.1% EDTA) for 30 min. 5 mL of the resulting supernatant was reacted with 5 mL 0.02 mol/L TBA in boiling water for 40 min. After cooled, the sample solution was added 5 mL chloroform (1:1 ratio, v/v), vortexed, and subsequently stratified. The absorbance of the supernatant was determined at the wavelength of 532 nm and 600 nm. The TBARS value, which is expressed as mg of malonaldehyde/100 g muscle sample, was estimated using the following equation:
Total plate count
Total plate count determination was performed following the method of Li, X. [27] with some modifications. A 25 g sample of haitails was obtained aseptically and homogenised with 225 mL of 0.9% physiological saline. The homogenates and serial 10-fold dilution in sterile 0.9% physiological saline were mixed with agar medium. The total plate count, which is expressed as lgCFU/g, was determined after incubation at 37°C for 48 h.
K-value
The hairtail fish samples were pre-treated by the presented way. [28] Measurement of ATP-related compounds was performed by HPLC (Waters 2695, USA) with a Capcellpak C18 column (4.6 mm × 250 mm). Phosphate buffer (0.05 M, pH 6.3) was used as the mobile phase. The sample of 20 µL was injected (1mL/min), and the peaks were detected at 254 nm. The K-value was calculated as follows:
Sensory assessment
Hairtail samples were analysed according to the methodology presented by the author [29] with some modifications. Sensory assessment of hairtails was performed by ten trained panelists from the laboratory staff. Each assessor scored the fish for colour (10, no discolouration; 1, extreme discolouration), odour (10, extremely desirable; 1, extremely unacceptable), morphology (10, normal; 1, sunken or swollen), and elasticity (10, elastic; 1, inelastic) of muscles. Scores of separate characteristics (the weight values: 0.2, 0.3, 0.2, 0.3, respectively) of fish were summed to give an overall sensory score (total score: 10).
Statistical analyses
All measurements were carried out in triplicate, and data were expressed as mean ± standard deviation. The least significant difference procedure was used to test for difference between means by the Compare Means Procedure of SPSS 19 with a value of P < 0.05 being regarded as statistically significant.
Results and discussion
Freezing point
The freezing curve (time-temperature curve) for haitails stored at −18°C was shown in Fig. 1 . In the early part of the freezing curve, the temperature of fish decreased rapidly from the initial temperature about 10°C. When the temperature was below zero, the freezing rate became slow. There is a temperature plateau around 0 to −5°C, which is regarded as a critical zone where most ice crystals form. [30] At the frozen time of 30 min, an inflection point appeared in the freezing curve whose temperature was −1.9°C. Therefore, −1.9°C is the freezing point of hairtails attributed to liberation of the heat of fusion. According to the definition of superchilling, [31] the superchilling temperature of hairtail is set to −3°C in this study.
Changes of pH
The changes of pH values of the hairtail fish meat during storage are shown in Fig. 2(A) . As can be seen from the figure, the initial pH of hairtails was 7.2. At the end of storage, pH value reached 7.29, 7.19, 7.1 in the samples that were superchilled at −3°C, frozen at −18°C, and superchilled at −3°C with tea polyphenols, respectively. Changes in pH value of different treatments showed similar trend in which the values decreased within the initial 3 days and then increased in different degrees. This result was in accordance with the findings that for grass carp subjected to superchilling and freezing. [21] The initial decrease may be explained by the accumulation of lactic acid from anaerobic glycolysis and the production of inorganic phosphate due to ATP degradation, [32] whereas rising pH value during the later period of storage may be associated with decomposition of amino compounds resulting from microbial and autolytic reactions. [33] In the initial 3 days, the pH of samples superchilled at −3°C with tea polyphenols decreased slower than that frozen at −18°C and superchilling at −3°C, which indicated that tea polyphenols may interact with oxidase proteins and reduce their activity, inhibiting the rate of pH reduction due to glycolysis and ATP degradation. During the following storage, samples of superchilling at −3°C with tea polyphenols showed no significant increase in pH value (p > 0.05); however, the pH of samples frozen at −18°C and superchilled at −3°C increased significantly (p < 0.05), which was similar to the findings by He, L. [34] This result may be attributed to that tea polyphenols can retard the autolysis and protein degradation caused by microorganism during superchilling storage. Therefore, superchilling with tea polyphenols may achieve a better prevention of microbial spoilage which may give rise to the accumulation of basic compounds, such as trimethylamine and ammonia. 
Changes in EC
Electrical conductivity (EC), as an important indicator of the concentration of electrolytes in the fish tissues, has an impact on body fluid balance and survival and therefore was widely used to predict the quality of meat. [35] As shown in Fig. 2(B) , the initial EC value of hairtail fish was 1094μs/cm. The samples storage at −18°C did not show significant increase in EC value (p > 0.05). The EC value of samples superchilled at −3°C without or with tea polyphenols increased significantly, and the latter batch was significantly lower (p < 0.05) during the storage time. The significantly increase of EC value was induced by the fact that the fish tissues are decomposed and fluids flow out. Similar trends were found. [36] This result also suggested that tea polyphenols may retard the leakage membrane structures that allow fluids to flow out, [28] and inhibit the decomposing of fish proteins, thus inhibiting the increase of EC during superchilling storage.
Changes in TVB-N
The changes in TVB-N values of hairtails with different treatments are shown in Fig. 2(C) . The TVB-N value in hairtails steadily increased from 7.13 mg/100 g (at day 0) to 27.36, 19 .08, 17.21 mg/100 g in the samples that were superchilled at −3°C, superchilled at −3°C with tea polyphenols, and frozen at −18°C, respectively, over 30 days of storage (Fig. 2C ). The TVB-N values for hairtails stored at −3°C either with or without tea polyphenols increased rapidly (p < 0.05), accounting for the increases in pH during the later period of storage, whereas, for samples stored at −18°C, the increase of TVB-N is not prominent, especially during the later storage period, which reflected that lower storage temperatures could inhibit the microbial and enzymatic reaction and thus inhibit TVB-N formation. Besides, the addition of tea polyphenols to the superchilled samples significantly lower TVB-N values relative to the superchilled samples without tea polyphenols, suggesting that tea polyphenols can alleviate the formation of TVB-N during superching storage.
Changes in TBARS
He, L. [34] also revealed that the increase in TVB-N values was significantly lower in the experiment group treated with several biopreservatives containing tea polyphenols than in the control group (p < 0.01). This difference may be owing to that the tea polyphenols may have inhibitory effect on bacterial population or on oxidative deamination of nonprotein nitrogen compounds. [34] According to the current hygienic standards, a level of 20 mg TVB-N/100 g in fish sample is recognised as a spoilage limit. [37] Thus, our results illustrated that the TVB-N values in samples in superchilled with tea polyphenols and frozen storage were below the test limitation throughout the storage stages.
The lipid oxidation of hairtail fishes stored under superchilling or frozen conditions was evaluated by measuring the TBARS value. As is presented in Fig. 2(D) , the TBARS values steadily increased from 0.41 mg/100 g (initial value) to 1.83, 1.38, 1.14 mg/100 g in the samples that were superchilled at −3°C, frozen at −18°C, and superchilled at −3°C with tea polyphenols, respectively, over 30 days of storage. All these treatments exhibited a significant increasing trend in TBARS value during the storage (p < 0.05). Compared with the samples superchilled at −3°C, the TBARS in the −18°C frozen samples was significantly reduced with decreased storage temperature, which indicates that a low temperature can significantly decrease the formation of malonaldehyde and other secondary products. In addition, the TBARS production in the superchilling samples with tea polyphenols was the lowest among all these treatments after 30 days of storage. It demonstrated that the addition of tea polyphenols to the samples in the superchilling storage can significantly decrease the TBARS and inhibit lipid oxidation.
Oxidation is regarded as a major cause of deterioration of the quality of fish during processing and storage, generally characterised by a loss of nutrients, flavour deterioration, discolouration, and the possible production of toxic compounds. [38] Hydroperoxides produced during lipid oxidation can subsequently decompose to some secondary products, such as ketones and aldehydes, which are closely associated with fish rancidity. The hairtails meat in this study is rich in proteins and fat, especially unsaturated fatty acids, which is susceptible to the pro-oxidants and oxygen attack and form hydroperoxides that easily decompose to secondary products, including malonaldehyde (MDA). Tea polyphenol, acted as a natural antioxidant, can effectively clear free radicals and thus prevent lipid oxidation during superchilling storage. Cheng, A. [39] also discovered the same results that the incorporation of tea polyphenol was effective in diminishing the lipid oxidation, measured as TBARS values, of chilled pork during cold storage.
Changes in total plate count
Microbiological analysis results are shown in Fig. 3(A) . Changes in total plate count show similar trends as changes in EC during superchilling and frozen storage. At the beginning of the storage, total plate values for fresh hairtail samples were 2.50 lgCFU/g samples. For samples frozen at −18°C, total plate count increased to 3.2 lgCFU/g and exhibited the lowest bacterial count as the storage time increased, which indicated that low temperature storage can significantly inhibit the growth of microorganisms. The total plate value of samples superchilled at −3°C with or without tea polyphenols increased to 6.85, 5.06 lgCFU/g, respectively, for 30 days of storage, and the latter batch was significantly lower (p < 0.05) during the storage time. This results reflected that superchilling combined with tea polyphenols can inhibit the microbial growth during superchilling storage to some extent though they cannot attain the level of frozen storage. According to the proposed limits (7 lgCFU/g) for fresh fish by ICMSF (1986), all treatments maintained relatively good quality throughout the storage.
Cheng, A. [32] also found a similar increase of total plate count in golden gray mullet during ice storage. This can be induced by possible leakage of internal substances including various nutrients from muscle cells which offered a proper medium for microbial growth during superchilled and frozen storage. Tea polyphenols have a good antimicrobial activity so that they are widely used in many areas in food industry. Antimicrobial activities of tea polyphenols were also reported before,- [34] who reported that tea polyphenols exhibited inhibitory effects against both Gram-negative bacteria (GNB) and Gram-positive bacteria (GPB) and extended the shelf life of chilled mutton.
Changes in K value
The changes in K value can reflect the loss of freshness in fish objectively. As is shown in Fig. 3(B) , the changes in K value in superchilled and frozen storage are similar to the changes of EC and total plate count. The K values increased from 15.35% to 56.85%, 43.06%, and 28.45% in the samples that were superchilled at −3°C, superchilled at −3°C with tea polyphenols, and frozen at −18°C, respectively, over 30 days of storage. According to the description, [28] fish with K values <20% are considered as very fresh, with <50% as moderately fresh, and >70% as not fresh. In this study, both the two groups superchilled at −3°C with tea polyphenols and frozen at −18°C were still recognised as moderately fresh at day 30 storage. Shen, S. demonstrated similar findings that the K values increased in rainbow trout both during storage at 3°C and −3°C. [22] With the storage time increasing, many biochemical reactions take place in fish that impact on its freshness quality. Among them, the concentration of ATP and its breakdown products are mostly widely used as index of fish freshness. Tea polyphenols may lower the rate of ATP degradation by the way of inhibiting the activity of endogenous autolytic enzymes and thus contribute to the freshness of the hairtails in the superchilled storage.
Sensory assessment
Figure 3(C) shows the sensor assessment of hairtails. Sensory scores decreased with storage time in all the three cases, and the group of superchilling at −3°C showed higher reducing rate than the other two groups (p < 0.05). On day 16, the fish maintained superchilled at −3°C (score is lower than 6) had bad colour, odour, texture, and unacceptable appearance, while those stored in −18°C and −3°C with tea polyphenols still had high degrees of quality. On day 30, the scores of samples stored in −18°C and −3°C with tea polyphenols are 7, and 6.1, respectively, still had acceptable quality. This result is in agreement with the TBARS values that tea polyphenols can retard lipid oxidation during superchilling, retain the inherent odour and quality, and therefore extend the shelf life of hairtails.
Conclusion
Superchilling of hairtail fish at −3°C with tea polyphenols retarded the increasing of pH, EC, and K values; lowered total plate count; reduced the production of TVB-N; and inhibited lipid oxidation compared with storage at −3°C and −18°C though some quality indices were not better than storage at −18°C in the longer period of storage. The sensory assessment also indicated that the addition of tea polyphenols in the superchilling method extended the spoilage time of hairtails, while the superchilling samples without tea polyphenols showed bad quality on day 16. The results showed that tea polyphenols were very effective in preventing hairtail quality deterioration by lowering the activity of endogenous autolytic enzymes, inhibiting the lipid oxidation and microbial growth. Therefore, superchilling with tea polyphenols was proved to be a promising preservation method of hairtails and might contribute to the reservation of inherent and fresh quality of other fish species in aquatic industry.
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